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STRAIN  GAGE  INSTRUMENTATION  FOR  A  LIGHT  GAS  GUN 


P.  D.  Flynn 

Pitman-Dunn  Research  Laboratories 
Frankford  Arsenal,  Philadelphia,  Pa.,  U.S.A. 


ABSTRACT 

Variable-resistance  strain  gages  were  us.’d  to 
study  the  operating  characteristics  of  a  light-gas 
gun.  Gages  were  cemented  on  the  outer  surface  of 
the  gun  at  several  locations  ir.  order  to  determine 
chamber  pressure,  piston  velocity,  and  pressures 
in  the  central  breech.  The  high-pressure  transi¬ 
tion  section  defonnea  plastically  in  most  rounds, 
and  a  method  is  suggested  for  estimating  maximum 
pressures  from  strain-time  records.  Results  are 
given  for  various  helium  pressures  and  powder 
charges . 


INTRODUCTION 

Hie  velocity  limitations  of  conventional 
guns  arc  well  known.*  Various  methods  have  been 
used  to  obtain  higher  velocities,  and  light-gas 
guns  arc  in  rather  widespread  use.2  The  Physics 
Research  laboratory  recently  completed  installa¬ 
tion  of  a  piston-compression  light-gas  gun  in  its 
hypervelocity  test  facility.  In  order  to  optimize 
the  performance  of  the  gun  in  the  range  of  projec¬ 
tile  impacts  of  interest  to  Frankford  Arsenal, 
strain  gage  instrumentation  was  developed  to  moni¬ 
tor  the  dynamic  behavior  of  the  gun.  The  purpose 
of  this  paper  is  to  describe  the  techniques  which 
were  used  and  to  present  typical  results  which 
suggest  the  potenrial  usefulness  of  strain  gages 
in  this  field. 


TEST  PROCEDURES 

Experimental  Setup.  Figure  l  gives  an  overall 
view  of  the  light-gas  gun  and  hype rve lor ity  test 
facility  which  can  be  used  to  fire  projectiles  In 
controlled  atmospheres  from  high  vacuum  to  lOOpsig. 
All  firings  reported  in  this  paper  were  made  into 
air  at  10  mm  of  mercury  absolute  pressure.  The 
first  section  of  the  light-gas  gun  consisted  of  a 
40  mm  breech  mechanism,  chamber  and  barrel  from  a 
surplus  naval  anti-aircraft  gun.  The  barrel  was 
modified  so  that  it  could  be  coupled  to  a  pump  tube 
(56  in.  long,  4.00  in.  OD,  1.63  in.  ID).  Fittings 
were  installed  on  the  pump  tube  so  that  the  gun 
could  be  evacuated  and  a  light  gas  introduced. 
Helium  was  used  in  these  tests.  An  18  in.  long 
section  was  used  between  the  pump  tube  and  the  cen¬ 
tral  breech  or  high-pressure  transition  section. 

The  high-pressure  section  (13  in.  long,  7  in.  OD) 
provided  the  transition  from  the  1.63  in.  ID  pUrap 
tube  to  a  caliber  .60,  smooth-bore  launch  tube 
(75  in.  long).  After  completing  the  testa  reportsd 
in  this  paper,  the  central  breech  was  sectioned  and 
photographed,  Fig.  2.  This  figure  also  shows  a 
projectile  (steel  cube,  10  grains),  carrier  (alumi¬ 
num,  87  grains),  shear  disk  (aluminum,  0.020  In. 
thick),  disassembled  lexen  piston  and  steel  slug 
(total  weight  820  grams) ,  and  a  40  mm  shell  used 
in  a  typical  firing. 

■j 

Strain  Gages,  ifcidd  Type  364-1000  strain 
gages  were  selected  because  they  have  a  high  gage 
factor  (F  *  3.26)  and  a  high  resistance  (R*  1000  (D 


Fig.  1  Light  Gas  Gun  and  Hypervelocity  Test  Facility 
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Fig.  2  Central  Breech  after  Sectioning  and 
Components  used  in  Cun 

so  that  relatively  large  output  signals  were  ob¬ 
tained.  Chamber  pressures  were  determined  frea 
circumferential  and  longitudinal  strain  gages, 
(cg)pj  and  (cz)pi.  cemented  on  the  outer  surface 
of  the  barrel  at  pressure  station  PI  midway  be¬ 
tween  the  breech  and  first  clamp.  An  average  pis¬ 
ton  velocity  was  obtained  from  circumferential 
strains,  (*q)vx  and  («g)v2>  at' velocity  stations 
Vi  and  V2  on  the  pump  tube,  12  in.  apart,  symme¬ 
trically  placed  with  respect  to  the  second  clamp. 
Strains  (tg)p2  and  (*z)p2  were  measured  on  the 
outer  surface  of  the  high-pressure  section  at 
pressure  station  P2  which  was  located  2  in.  before 
the  Internal  transition  from  1.63  in.  to  caliber 
.60.  The  strain  gages  and  wiring  can  be  seen  in 
Fig.  1. 


A  potentiometer  circuit.  Fig.  3,  was  used  to 
measure  dynamic  strains,  and  although  the  princi¬ 
ple  of  operation  is  well  known, 4  the  essential 
features  arc  given  here  for  completeness.  From 
Ohm's  law,  the  voltage  drop  across  the  gage,  V  , 
is  8 

Vg  -  V  Rg/(Rb+V  a) 

where  V  is  the  constant  power  supply  voltage,  R 
is  the  gage  resistance,  and  Rb  is  the  ballast  r§- 
slstancc.  Differentiating  with  respect  to  R  we 
obtain 


To  Scope 


Fig.  3  Potentiometer  Circuit  for  Dynamic  Strains 


dVe  V  Rb  (2) 

dRg  ”  (Rb+Rg)= 

The  change  in  gage  resistance  depends  on  the 
strain,  c,  and  the  manufacturer's  gage  factor,  F, 
is  defined  such  that 


ARg/Rg  -  F  « 


(3) 


For  small  values  of  AR  /R  we  obtain  from  Eqs. 
(2)  and  (3)  8  8 


AV„  -  - 

8  R,+R 


b™g 


Rb+Rg 


RgF  , 


(4) 


and  from  Eqs.  (4)  and  (1),  we  obtain 

c  -  .-R&/Rfa  .  (5) 


Dynamic  strains  were  determined  by  messuring  the 
voltage  change,  AVg,  as  a  function  of  time. 


In  each  circuit,  two  gages  were  used  in 
series  (Rg  »  2000  0)  to  increase  the  output  and 
to  average  the  surface  strains  at  each  location. 
Four  potentiometer  circuits  were  connected  in 
parallel  across  a  laboratory  power  supply  with 
ballast  resistors  of  about  7500  0  each  for  the 
strains  (cg)pi,  (e2)pi>  (*6^1*  *n<*  (*9^V2' 

Altec5  constant  current  sources  were  used  for 
(en)p2  and  (*z)p2>  and  for  these  strains,  Eq.  (5) 
reduces  to 


c 


AVo 


(5a) 


The  outputs  of  the  strain  gage  circuits  were  re¬ 
corded  on  two  Tektronix  dual-beam  oscilloscopes 
using  various  plug-in  units. 

Tube  with  Internal  Pressure.  From  Lasw's 
solution,  the  circumferential  and  radial  stresses, 
og  and  or,  in  an  elastic  thick-walled  cylinder 
subjected  to  static  internal  pressure,  p,  are6 

ae  *  bSS?  (1  +  */r>>  <6*> 
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Jr  ■  TT*?  -  b3/t*>  <6b> 

b*  -a* 

where  «  end  b  ere  the  inner  and  outer  radii  as 
shown  in  Tig.  4.  The  axial  stress,  oz,  depends  on 
the  end  conditions. 


At  the  outer  surface,  r«b,  so  that 


a0  •  2a*p/ (b^-a*) 
ar  “  0 


(7) 


From  Hooke's  law,  the  strains  on  the  outer  surface 
are  given  by 


*9  “ 

tz  *  (<Jt-n<J0)/K 


(8) 


where  C  is  Young's  siodulug  and  ^  is  Poisson's 
ratio,  so  that  the  stresses  in  terns  of  the 
strains  are 


Cg  “  E(t0+uez)/(l*n*> 
°t  “  E<«*>«e)/(1T?> 


Equation  (10)  can  be  used  to  calculate  balli¬ 
stic  pressures  so  long  at  the  loading  is  quasi¬ 
static,  the  material  responds  elastically,  and  the 
gun  approximates  a  thick-walled  cylinder.  It  will 
be  shown  that  these  conditions  were  net  reasonably 
well  at  the  chanbcr.  However,  the  high-pressure 
section  deformed  plastically,  and  a  modified  fora 
of  Eq.  (10)  will  be  suggested  later  for  estimating 
the  maximum  pressure  pioduced  during  compression 
of  the  helium  and  impact  of  the  piston. 

Range  Instrumentation.  Two  independent  sys¬ 
tems  were  used  to  measure  projectile  velocitlea. 
One  ayatem  used  flash  X-raya,  and  the  other  em¬ 
ployed  a  photo-optical  system  with  two  slit  Images 
which  were  recorded  by  a  Faatax  ctreak  camera. 
During  each  teat  the  streak  caswra  was  started 
first,  and  a  synchronizing  pulse  was  obtained  af¬ 
ter  counting  e  preset  number  of  sprocket  teeth. 

The  synchronizing  pulse  triggered  thn  oscillo¬ 
scopes  and  ignited  an  electric  primer  which  shot 
a  firing  pin  against  a  mechanical  prister  in  the 
round.  Since  some  difficulties  were  encountered 
iu  launching  the  projectiles  and  in  synchronizing 
the  flesh  X-rays,  projectile  velocity  data  have 
bean  omitted  frem  this  paper. 

RESULTS  AMD  DISCUSSION 


Troa  Eqa.  (7)  and  (9),  and  introducing  the  wall 
ratio,  v  ■  b/a,  we  obtain 

p  ‘  ^  <l0> 

Hence  the  static  internal  pressure,  p,  can  be  de¬ 
termined  by  measur' «g  the  strains,  $g  and  tz,  on 
the  outer  surface  of  an  elaatlc  thick-walled  cyl¬ 
inder. 


Seven  preliminary  rounds  were  fired  in  which 
the  piston  configuration  changed  from  an  all  lexan 
design- (21  in.  long)  to  short  lexan  pistons  weigh¬ 
ted  with  cerrobend  (a  low  melting  bismuth  alloy) , 
lead,  or  steel.  Several  types  of  carriers  ware 
uaed,  and  the  helium  pressure  and  propellant 
charge  were  varied. 

Tor  the  teats  reported  in  this  paper,  a  new 
high-pressure  section  was  installed,  and  the  com¬ 
ponents  shown  in  Fig.  2  were  similar  throughout 
these  tests.  Table  1  lists  the  helium  pressures 
and  powder  charges  uaed  in  Rounds  8-14.  The  high- 
pressure  faction  was  sieasured  before  and  after 
each  test,  and  the  outside  and  inside  diameters  at 
strain  gage  station  P2  are  listed  in  Table  1. 


Table  1  Schedule  of  Testa 


Round 

Helitan 

Pressure 

psia 

Powder 

Charge 

grama 

Diameters 

OD 

in. 

at  P2 

I£ 

in. 

6.948 

1.628 

8 

300 

227 

6.953 

1.653 

9 

200 

227 

6.961 

1.685 

10 

100 

227 

6.975 

1.723 

ll 

300 

227 

6.976 

1.727 

12 

500 

227 

6.976 

1.727 

13 

300 

159 

6.976 

1.727 

16 

300 

318 

6.995 

1.776 
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Measurements  vcn*  also  made  on  the  chamber,  peep 
tube  and  18  in.  section,  and  the  lightens  gun  vas 
dimens tonally  static  except  at  the  high-preesure 
section. 

Strain  Cage-  Records .  Figure  5A  shows  typical 
strain  versus  time  traces  for  all  gages  except 
(tz)p2  Sound  1*.  li:e  slight  disturbances  on 
the  left-hand  side  of  these  traces  were  dae  to  the 
synchronizing  or  firing  pulse,  and  fortunately 
these  Initial  disturbances  dccawd  rapidly  and  did 
not  affect  the  strain  gage  records.  The  circum¬ 
ferential  strain  (cg)pi  increased  rather  scroothty 
and  appeared  lC  be  similar  to  a  pressure-time 
curve.  The  longitudinal  strain  (ez)pi  increased 
too,  but  high  frequency  oscillations  due  to  longi¬ 
tudinal  waves  in  the  gun  were  superimposed  on  this 
trace.  Both  the  (cg)vi  1nd  (eg)v2  tratt‘s  exhibi¬ 
ted  a  sudden  increase  as  the  piston  coved  past  the 
velocity  stations  on  the  pump  tube.  These  traces 
were  recorded  on  a  second  esc!  Hose  ope.  Fig.  5B, 
using  a  delayed  and  faster  sweep  in  order  to  obtain 
a  acre  accurate  measure  of  the  piston  velocity. 

The  circumferential  strain  (cs)p»  on  the  high- 
pressure  section  was  also  recorded  on  two  oscillo¬ 
scopes,  Figs.  5A,B.  Impact  of  the  piston  produced 
rather  large  longitudinal  and  circumferential 
strains  in  the  gun  as  seen  at  later  times  on  the 


Fig.  5  Typical  Strain-Time  Traces,  Round  11 


traces  ir.  Fig.  5A,  e.g..  (*2)pi  Increased  abruptly 
and  went  off  scale  whereas  (*g)pi  decreased  sharp¬ 
ly  because  of  coupling  through  Poisson's  ratio. 

Piston  Velocity.  As  previously  noted,  strain 
gages  were  mounted  circumferentially  at  two  sta¬ 
tions  on  the  pump  tube,  12  in.  apart,  symmetrical¬ 
ly  placed  with  respect  to  the  second  clamp.  Aver¬ 
age  platen  velocities  were  calculated  by  dividing 
this  base  line  by  the  time  interval  between  the 
rises  in  the  (tg)yi  snd  (*g)y>  Table  2. 

Although  these  piston  velocities  were  not  the 
maximum  values  in  th*  pump  tube,  it  it  interesting 
to  note  that  the  Average  values  obtained  at  thi* 
location  were  independent  of  helium  preasure  and 
varied  linearly  with  charge. 

Chamber  Pressure.  The  strains  («s)p}  A”*1 
(*z)Pl  w*re  used  ir,  Eq.  (10)  to  calculate  maximum 
chamber  pressures.  Table  2.  Since  the  (cg)Fi 
traces  were  relatively  smooth  curves,  the  maximum 
values  were  obtained  easily.  The  corresponding 
values  of  (st)y;  “ere  obtained  by  Ignoring  the 
oscillations  ana  estimating  its  mean  values.  The 
error  Introduced  in  Eq.  (10)  by  using  this  proced¬ 
ure  was  small  because  (sz)pi  was  multiplied  by 
Poisson's  ratio  ((**0.3)  and  (tz)pi  w»»  la**  than 
(gn)p]_.  Pressures  were  transmitted  through  the 
shell  to  the  barrel,  and  the  wall  ratio  was 
u-OD/ID-4. 322/1. 933  at  the  strain  gages.  The 
maximum  chamber  pressures  were  independent  of 
helium  pressure  and  increased  rapidly  with  in¬ 
creasing  charge.  A  standard  charge  of  318  grams 
of  SPDN  8709  powder  when  used  with  a  standard 
40  me  projectile  weighing  890  grams  has  a  chamber 
pressure  of  43,900  pst.  Using  the  same  charge 
and  a  piston  of  820  grams,  a  preasure  of  40  kpsi 
was  obtained  in  the  light-gat  gun,  and  this  value 
compares  favorably  with  the  rated  chamber  pressure. 

High-Pressure  Section.  The  pressures  devel¬ 
oped  in  the  central  breech  during  Rounds  8-11,14 
produced  permanent  deformations,  Table  1.  The  re¬ 
sidual  circumferential  strain,  (cg)ce>*  *t  the 
outer  surface  was  calculated  frem  the  change  in 
diameter,  A(CD),  l.e.. 


Table  2  Piston  Velocities  and  Chamber  Pressures 


Maxir.ua  Chamber  Pressure 


Round 

Velocity 

ft/sec 

(•e^i 

US 

<*Z>Pl 
_ It* 

P 

kpsi 

8 

iCOO 

201 

101 

»5 

9 

1700 

186 

93 

14 

10 

1700 

186 

93 

1/ 

11 

18GC 

201 

108 

15 

12 

1700 

186 

93 

14 

13 

lJOO 

77 

54 

6 

14 

2500 

542 

194 

40 

4 


d 


a 


<«•>«.  •  *8P-  <“> 

for  each  round,  Table  3.  The  strain-time  recorda 
of  («g)p2  *7*°  gave  values  .of  (*g)rei  *a  shown  in 
Fig.  6  and  liaetd  in  Table  3.  It  should  be  noted 
that  a  change  in  outside  diaaeter  of  0.001  in. 
corresponded  to  *40  u*  >  so  that  under  these  cir- 
cuaatances  the  values  of  («g)ICS  obtained  by  these 
two  Methods  were  in  fairly  good  agreement. 

Since  the  high-pressure  section  deformed 
plastically.  Eg.  (10)  was  not  applicable.  Mea¬ 
surements  of  (<z)p2  shoved  that  it  was  small  com¬ 
pared  to  («g)p2>  In  order  to  estimate  shat  maxi¬ 
mum  pressure,  («2)p2  was  neglected  in  Eg.  (10)  and 
(tg)p2  was  replaced  by  (cg)ei  as  defined  in  Fig.  6, 
i  .a . , 

"«u  "  ^TT  *  ‘  (*3)el  <12> 


Fig.  7  Sketch  of  p  va.  (cg)y2 


The  p  va.  (eg)p2  behevior  of  the  tube  is  shown  f.n 
Fig.  7,  assuming  a  linear  recovery  from  pMX.  The 
slope  of  this  line,  i.e  , 


S  - 


u»-l 

2 


(13) 


mas  calculated  using  valves  of  E  •  30  X  1C6  psi 
and  p«0.3  for  steel  and  w  based  on  the  dimensions 


Table  3  Residual  Strains  and  Maximum  Pressures 


after  each  teat.  The  values  of  Pmx  calculated  In 
this  way  ate  Hated  in  Table  .3  and  plotted  In 
Fig.  8.  For  the  same  helium  pressure  and  powder 
charge  is  Rounds  8  and  11,  it  is  Interest leg  to 
note  thee  this  procedure  gave  approximately  the 
sane  values  of  pMX  even  though  the  high-prescure 
section  had  been  father  severely  overstrained  In 
Bounds  8-10  and  wms  nearly  stable  dimensionally  In 
Round  11.  Although  the  data  in  Fig.  8  ara  “ary 
limited,  it  appears  that  this  type  cl  graph  will 
he  useful  in  selecting  operating  conditions  fer 
the  light-gas  gun. 
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Tig.  8  Sketch  of  («j)p2  v*‘  T1** 


Assuming  an  clastic-plastic  material  and  the 
maximum  shear  theory  of  yielding,  it  can  be  show7 
that  a  thick-walled  cylinder  becomes  fully  plastic 
at  a  pressure.  palt,  given  by 

?ult  *  ffy»  '  u  w  (14) 
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where  ayp  is  the  tensile  yield  point  of  the  ma¬ 
terial.  The  high-pressure  section  was  made  of 
4340  steel,  Rockwell  C30,  with  ffyp  ■  120,000  psi. 
Using  the  initial  dimensions,  i.e.,  w  «  6.948/ 
1.628,  we  obtain  puit  »  174,000  psi.  Rounds  12 
and  13  were  the  only  rounds  in  this  series  of 
tests  which  did  not  introduce  additional  permanent 
deformations,  and  the  values  of  pmax  were  compara¬ 
ble  to  puif  Rounds  8,9,11  gave  somewhat  higher 
pressures  as  would  be  expected.  Assuming  that  the 
values  of  Pq^x  for  Rounds  8,9,11,12,13  are  relia¬ 
ble,  extrapolation  of  these  data  as  in  Fig.  8 
would  indicate  that  the  rather  high  pressures  cal¬ 
culated  for  Rounds  10  and  14  by  using  Eq.  (12)  are 
reasonable  values. 

CONCLUDING  REMARKS 

Strain  gcges  provided  valuable  information  on 
the  operating  characteristics  of  the  light-gas  gun 
They  were  cemented  on  the  outer  surface  so  that 
the  gun  was  not  weakened  by  drilling  and  tapping 
as  is  usually  done  for  pressure  gages  and  velocity 
probes.  However,  the  output  of  a  strain  gage  is 
generally  only  an  indirect  measure  of  some  ballis¬ 
tic  parameter  of  interest.  In  the  present  work, 
the  interpretation  was  relatively  straight-forward 
for  piston  velocities  and  chamber  pressures, 
whereas  the  calculations  for  maximum  pressures  in 
the  high-preseure  section  involved  several  simpli¬ 
fying  assumptions.  Equation  (12)  seems  to  give 
reasonable  values  of  pTOX  and  Fig.  6  appears  to 
be  a  useful  way  of  comparing  various  operating 
conditions  of  the  gun.  Further  experimental  and 
theoretical  work  is  needed  to  determine  the  range 
of  applicability  of  the  proposed  method  for  calcu- 
lating  p^x- 
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